Abstract-The objective of this study was to determine whether energy costs differed between 0°, 3°, and 6° of camber during steady state overground wheeling. Three subject groups were examined: experienced wheelchair users with disabilities (thoracic lesion level 6 and below), nondisabled individuals with manual wheeling experience, and nondisabled individuals with no manual wheeling experience. Heart rate, rating of perceived exertion, visual analog scale for comfort, and a user preference questionnaire were collected for all subjects. Expired gas analysis data were collected for the group with disabilities. No statistically significant differences emerged in respiratory measures for camber angle or group. A camber of 6 degrees was most preferred in terms of stability on a side slope, hand comfort on the pushrims, maneuverability, and overall preference. Rear-wheel camber angle did not affect the energy expenditure of manual wheelchair propulsion, as measured by cardiopulmonary means. The individual manual wheelchair user's perceived level of comfort should be the determining factor in rear-wheel camber selection.
INTRODUCTION
Studies that have specifically investigated camber and energy cost have had differing results. Increased rear-wheel camber has some minor disadvantages, such as increased wheelbase and decreased wheelchair height, that may present problems when the user is negotiating obstacles [1] [2] . However, the increased chair width improves turning stability; reduces downward turning tendency on side slopes; protects the hands since the base of the wheel is the widest part of the chair and will contact any obstacles first; and positions the wheelchair pushrims more ergonomically for propulsion, reducing the static effort of the shoulder muscles [1] [2] [3] [4] [5] [6] .
Some studies report no physiological advantage with cambered wheels [7] , whereas others have shown a significant decrease in energy costs [7] [8] . Past studies had design limitations that may have influenced the varying outcomes. Wheeling efficiency has been measured while subjects wheeled in a straight line; however, the benefits of camber may only be fully realized when users wheel around obstacles and on side slopes [9] . Additionally, wheeling in a straight line does not truly represent day-to-day wheeling, which requires maneuvering around obstacles. Previous camber studies were conducted on nondisabled subjects with little or no wheeling experience, with the results then extrapolated to persons with disabilities [4, 6, [10] [11] [12] . This method was often used to form larger or more convenient sample sizes, and the results may not be directly applicable. The test subjects' wheeling experience, along with the unique physiological muscle recruitment patterns of individuals with disabilities, may be more significant than previously understood [4, [13] [14] [15] .
The mode of wheelchair testing may also affect the outcome. An individual's wheelchair function includes physiological characteristics, such as aerobic capacity, and skills, such as the ability to maneuver a wheelchair around an obstacle [16] . Therefore, subjects with prior wheeling experience must be tested. Although maximal exercise testing is considered the industry standard for assessing aerobic capacity, the role of such testing is limited in people whose performance may be restricted by pain or fatigue [17] . Kinetic and kinematic methodologies are often used to qualify propulsion efficiency via examination of the interaction of such variables as stroke frequency, contact angle, and the forces exerted on the pushrims [18] [19] . Wheelchair ergometers, roller systems, and arm crank tests are convenient methods for laboratory testing but may not accurately assess daily wheelchair propulsion. The optimal test of functioning incorporates the individual's usual aids and orthoses at his or her self-selected speed instead of an imposed speed on a treadmill or ergometer [20] .
In addition, individuals with lesions below thoracic (T) level 5 exhibit a linear increase in oxygen consumption and heart rate related to work rate [21] because of the preservation of the sympathetic innervations to the heart and respiratory muscles [10, [22] [23] [24] [25] [26] [27] [28] [29] [30] .
is typically expressed relative to the unit time taken to complete the task (milliliters/kilogram/minute). The rate of oxygen consumed per unit distance traveled (milliliters/kilogram/meter) during that specific task is referred to as oxygen cost or energy cost. If cardiopulmonary assessment tools are unavailable, the physiological cost index (PCI) [31] [32] can effectively measure energy cost [32] . Sawatzky et al. defined a linear relationship between oxygen cost as measured by pulmonary gas exchange and PCI as measured by heart rate in subjects with spinal lesions at or below T6 [33] .
Although rear-wheel camber may affect the maneuverability or overall energy cost of the wheelchair user, its actual impact on the wheelchair user's energy cost is unknown. Subjects with disabilities are unique in their physiology and resultant exercise responses, and to date, the effects of rear-wheel camber on the energy cost of the experienced wheelchair user with disabilities are varied. In this study, we examined the effects of 0°, 3°, and 6° of camber during steady state overground wheeling in experienced wheelchair users with disabilities, nondisabled subjects with wheelchair experience, and nondisabled subjects without wheelchair experience. The three wheel angles were chosen because they are used most frequently among manual wheelchair users during activities of daily living. We hypothesized that 6° of camber would be the most efficient camber angle in the subjects with prior manual wheeling experience.
METHODS

Subjects
All experimental procedures and protocols were approved by the university and hospital clinical research ethics boards. Thirty-four participants were classified as either experienced wheelchair users with disabilities (DE group, n = 13), nondisabled individuals experienced at manual wheeling (ABE group, n = 11), or nondisabled individuals inexperienced at manual wheeling (AB group, n = 10). Exclusion criteria included acute infection; overt cardiovascular, pulmonary, metabolic, or orthopedic complications; or mental illness or deficiency that might have interfered with completion of the protocol. Subjects did not eat, drink, or smoke in the 2 hours preceding the test and voided their bladders immediately before testing. The DE subjects were individuals with a lower-limb disability and a spinal lesion at or below T6, including individuals with spina bifida who were at least 1-year postinjury. The ABE subjects included individuals such as therapists who work with wheelchair users and nondisabled wheelchair athletes who have mastered manual wheelchair propulsion and have regularly used a wheelchair for teaching or sport for at least 1 year. The AB subjects had no prior experience with manual wheeling.
Procedures
All subjects were fitted with a telemetric heart rate monitor (Polar ® Electro S710, Kempele, Finland) for continuous data collection and subsequent calculation of the PCI energy cost measure. Each subject's wheelchair was fitted with a camber bar insert that adjusted the wheels to a preset camber angle. A standard 17 in. chair (Invacare ® .
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A4 IVC Manual Lightweight Wheelchair, Elyria, Ohio) with interchangeable rear-wheel camber was used to test all nondisabled subjects. The subjects with disabilities used their own A4 or A6 model wheelchairs. Standard 53 cm wheels with pneumatic tires (100 psi; Primo V-Trak, Long Beach, California) were used. The testing session was divided into two components: a slalom course and a ramp course. All subjects began with a baseline session of a minimum of 5 min rest. Following this baseline measure, all subjects wheeled at a self-selected steady state pace for 5 consecutive min through a 30 m slalom course. Four chairs were placed at equal intervals in a straight line and subjects wheeled in slalom fashion around each chair. The investigator recorded the total number of laps completed by each subject for each camber angle and the exact pace per lap.
Following the slalom course, subjects indicated their level of comfort on a continuous visual analog scale (VAS) that ranged from extreme discomfort to extreme comfort [34] . The 14-point Rating of Perceived Exertion (RPE) scale was used to determine the subjects' perceptions of physical stress [35] . Subjects were asked to comment on their central RPE and peripheral RPE. The central RPE value was based on the subjects' perceived exertion with regard to dyspnea. The peripheral RPE was based on the subjects' perceived exertion with regard to arm and shoulder muscular fatigue.
Subjects then completed the ramp course, which tested the stability of the varying camber angles on a slope. Subjects wheeled at their own pace on a smooth stable ramp that was approximately 5 m long and set at an 8° incline. Subjects wheeled along the ramp at least twice but were allowed a third pass upon request.
The entire protocol, slalom and ramp portions, was repeated for each camber angle (0°, 3°, and 6°). The order of the camber angles was randomly assigned and revealed to the subject after completion of the test. Following the testing of all three camber angles, all subjects were asked about personal camber angle preference. Subjects were asked to compare all three camber angles and answer the following user preference questions: (1) During which trial did you feel most supported/stable in your chair while completing the course? (2) During which trial did you find that the ease of maneuverability was better/ improved? (3) During which trial did you find that your hand comfort on the pushrim was better/improved? and (4) Rank each of the three camber angles in terms of preference for comfort and maneuverability. Cardiopulmonary measures were continuously collected on 10 of the subjects with disabilities with a portable pulmonary gas exchange system (Cosmed K4b2, Rome, Italy) following standard calibration procedures on ambient air.
Calculations and Statistical Analysis
We performed all statistical analyses using a commercially available computer program (Statistical Package for the Social Sciences, version 11.0, Chicago, Illinois). Descriptive characteristics for all subjects were generated.
The PCI was derived from the steady state heart rate recorded by the heart rate monitor and from the subjects' average velocity during steady state wheeling. We calculated PCI by first subtracting the average steady state working heart rate from the average resting heart rate and then dividing this value by the subjects' average velocity during slalom wheeling. The resultant value was expressed in beats per meter traveled.
A 3 × 3 repeated measures analysis of variance (ANOVA) was conducted for the PCI of the three camber angles (0°, 3°, and 6°) and for the three subject groups (DE, ABE, and AB). A nonparametric chi-square test and analysis of frequencies were conduced on each subject's user preference responses for 0°, 3°, and 6° of camber. A one-way repeated measures ANOVA was conducted for cardiopulmonary measures. A one-way repeated measures ANOVA was conducted for central RPE and peripheral RPE across all groups for all camber angles. To determine whether comfort level differed during slalom wheeling, we conducted a 3 × 3 repeated measures ANOVA among the three camber angles (0°, 3°, and 6°) and the three subject groups (DE, ABE, and AB). Post hoc analysis was performed with the Fisher's least significant difference (LSD) method. All data are expressed as mean ± standard deviation.
We conducted a pilot study on five nondisabled individuals with wheeling experience to determine statistical power. The PCI was used as a measure of energy cost during the slalom wheeling course. The values for PCI at 0°, 3°, and 6° of camber were 0.42, 0.42, and 0.32, respectively. Based on a potential 25 percent reduction in energy cost with 6° of camber, as compared with 0° and 3°, a sample size of 10 was calculated for each group, with a statistical power value of 0.8.
RESULTS
Anthropometric data for all subjects are shown in Table 1 . The specific lesion levels for the 13 subjects with disabilities were T6 = 1, T7 = 1, T8 = 2, T9 = 1, T10 = 1, T11 = 2, T12 = 1, lumbar (L) 1 = 2, L3 = 1, and L4 = 1. Resting heart rate and values for 10 subjects with disabilities are listed in Table 2 . No significant differences were detected between the three camber angles in the 10 subjects with disabilities assessed for cardiopulmonary measures with the portable metabolic cart ( Table 3) . No significant differences were detected between the three groups for energy cost, as represented by PCI ( Table 4) . Central RPE (p = 0.43) and peripheral RPE (p = 0.13) were not significantly different for any of the camber angles across all groups. A significant difference was detected with the VAS (p = 0.029); however, Fisher's LSD post hoc analysis showed no significant differences. A difference in camber angle preference based on user preference across all groups tested was found ( Table 5) . The 6° camber angle emerged as the angle most preferred in terms of stability on a side slope, maneuverability in slalom, hand comfort on the pushrims, and overall angle preference. Subjects were twice as likely to choose 6° over 0° in terms of stability, hand comfort, and overall preference. For ease of maneuverability, subjects were five times as likely to choose 6° over 0°.
DISCUSSION
Energy Cost
We tested individuals with and without disabilities and with varying levels of manual wheeling experience to determine whether camber angle affected wheeling efficiency. No differences in energy expenditure were detected among 0°, 3°, and 6° of rear-wheel camber angle for any of the groups either by the respiratory measures in our DE group or by the PCI in all subjects. Cardiopulmonary measures during steady state wheeling did not detect any difference among the three most commonly used and tested camber angles. Our study results support the research of Veeger et al. [8] , who found no significant physiological effect of camber during wheeling on an ergometer where it could not be concluded that rear-wheel camber was physiologically advantageous to vertically placed wheels. In contrast, the results of this study refute . Table 2 . Oxygen uptake (mL/kg/min) and heart rate (HR) (beats/min) for wheelchair users with disabilities at rest and 0°, 3°, and 6° of rear-wheel camber. .
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Buckley and Bhambhani's work that showed increased physiological responses with increasing camber [7] . The two measures of RPE, peripheral and central, were analyzed with camber angle to determine whether subject perception of exertion differed between camber angles. No significant difference was found for peripheral RPE across camber angles for any of the groups tested. A statistically significant difference was found for central RPE across camber angles (p = 0.04). However, post hoc analyses showed that no true significant difference existed. The results of this component of the study are consistent with Buckley and Bhambhani's findings that no significant changes were observed in the central and peripheral RPE with camber angle during low-intensity wheelchair exercise [7] .
The upper limb was not designed to bear the repetitive strain generated during manual wheelchair propulsion [36] . As a result of the increased demand on these relatively small forearm muscles in people with lowerlimb disabilities, problems such as insufficient muscle perfusion, repetitive strain injuries, and early onset of fatigue become particularly critical [30, 37] . Although this study showed no physiological evidence to support increased camber for improved energy cost, camber affected the wheelchair users' perception of comfort, which is an important component of wheeling.
User Preference
Camber improves maneuverability and stability on a side slope [1] [2] 38] . The results of the user preference questions support this finding. A comparison of the three camber angles revealed that 6° was most preferred in all four domains questioned. Subjects were twice as likely to choose 6° over 0° for increased stability on a side slope, improved hand comfort on the pushrims, and overall preference. In terms of ease of maneuverability around the slalom course obstacles, the subjects were five times as likely to choose 6° over 0° of camber. The VAS data did not support the results of the user preference questionnaire. Since the VAS measured overall comfort during wheeling, one would assume that the results would follow the user preference and that 6° would emerge as the most comfortable camber angle during wheeling. However, no difference in comfort was detected. If the VAS were a discrete rather than a continuous scale, results might have been more consistent with the other user preference findings.
Comparative Analysis
Our goal was to test three commonly prescribed camber angles and determine the most efficient angle during normal manual wheeling. Efficiency can be quantified a number of ways with biomechanical measures of propulsion intensity, stroke frequency, or stroke angle [39] or physiologic measures. In this study, cardiopulmonary measures validly assessed exertion and, thus, efficiency. From a practical perspective, the importance of the user preference results should not be overlooked. During normal Table 4 . Mean ± standard deviation physiological cost index (beats/m) across three rear-wheel camber angles (n = 34). wheeling, when user effort is well below maximum, perhaps user preference results more accurately assess efficiency. An individual with disabilities relies on his or her wheelchair as a tool for negotiating the environment, for mobility, and in reality, for freedom. The results of the user preference component provide useful information not only for the individual with disabilities seeking increased comfort and improved maneuverability in his or her environment but also for the healthcare professional making seating recommendations. If a physiological difference in energy cost truly does not exist, then rehabilitation therapists and wheelchair seating specialists can confidently prescribe a camber angle based on the client's personal comfort. That is, they should not be concerned that the wheelchair user will be increasing his or her energy cost when wheeling under steady state conditions with a decreased rear-wheel camber angle. Although no differences in energy cost emerged, perhaps slight variations in heart rate or were not detected by the test design or measurement tools. While these slight differences were not detected by traditional physiological equipment, they may have been felt by the subjects and contributed to their selection of 6° as most comfortable. IJzerman and Nene reported that PCI is considered feasible if the differences in energy requirements that must be detected actually can be detected with sufficient statistical power [40] . A similar problem may have occurred in the present study. The PCI is a feasible tool for measuring energy cost; however, since the PCI is based on heart rate, the minor changes in camber angle may not have been significant enough to elicit a change in heart rate. We are not certain whether a difference in camber angle truly has no effect on energy cost or whether the test simply was not sensitive enough to detect any small differences, especially at the submaximal speed of wheeling [8] . The slalom course was designed to highlight the presence of camber. However, the three different camber angles may not have created an incremental workload sufficient to alter the intensity of wheeling. Although the physiological measures of oxygen cost and PCI do not support 6° of camber as a more energy efficient wheelchair setup, small differences between camber angles may not be detectable by traditional energy cost measures, especially when the subject is wheeling submaximally. Small undetectable differences may explain why we found no differences in the respiratory measures of our DE subjects tested with the Cosmed K4b2 metabolic cart.
Limitations and Future Recommendations
The results of this study can only be extrapolated to individuals with lesions at or below T6 who use a wheelchair designed to accommodate camber changes via a camber bar. Another limitation to this study design is that we tested the AB and ABE subjects in a standardized wheelchair and the DE subjects in their own wheelchairs, which invariably affected the results. However, since our intention was to test the subjects in a situation that reflected daily wheeling dynamics, we accepted this potential contamination of the results. Since subjects completed the entire test at a self-selected pace, no incremental work protocol existed, so we can only conclude that camber angle has no effect during steady state wheeling at a self-selected pace. Future studies could use an incremental protocol to quantify changes in energy cost across varying workloads, using analysis on all subjects. Combined with a resistor mounted to the rear wheel, this incremental protocol would more comprehensively analyze energy cost over varying speeds and work outputs than reliance on subjects' self-selected steady state pace. Irrespective of the direction of future studies involving camber, we recommend that the wheeling protocol attempt to replicate day-to-day wheeling demands that emphasize the effects of rear-wheel camber angle.
CONCLUSIONS
Based on the results of this study, rear-wheel camber angle does not affect the energy expenditure during manual wheelchair propulsion. The individual manual wheelchair user's perceived level of comfort should be the determining factor in rear-wheel camber selection.
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